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Resumo  
Analises de dieta podem ser um bom ponto de partida para inferência de padrões 
ecomorfológicos, dessa forma análises da variação craniana podem constituir uma 
chave para uma melhor compreensão dos determinantes ecológicos da variação 
fenotípica em vertebrados. Roedores são a ordem mais numerosa dentro dos mamíferos 
e entre eles, a subfamília Sigmodontinae representa a maior já descrita para essa ordem. 
Entretanto, pouco foi investigado sobre a ecomorfologia e suas relações com a história 
natural dessas espécies.  No presente estudo, utilizamos métodos de morfometria 
geométrica para investigar a variação da forma craniana e análises multivariadas para 
associar características ecológicas e morfologia em nove espécies simpátricas de 
roedores sigmodontíneos. Foram encontradas relações entre forma e a dieta, mas não 
foram encontradas relações fortes entre forma e hábito. Nossos resultados sugerem que 
roedores com mesma dieta possuem forte convergência morfológica, mas também que 
as relações filogenéticas exercem grande influência na morfologia craniana.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract  
Dietary analyzes can be a good start to ecomorphological patterns inference, so analyzes 
of cranial variation may be a key to a better understanding of ecological determinants 
of phenotypic variation in vertebrates. Rodents are the most numerous order of 
mammals and within that, the Sigmodontinae represents the largest subfamily known 
and more diverse in Neotropical region. However, little is known about ecomorphology 
and its relations with natural history traits in this group. In this study, we used methods 
of geometric morphometrics to investigate variation in skull shape and associated 
multivariate analyses to relate skull shape and ecological data (dietary types and habits) 
in nine sympatric species of Sigmodontinae rodents in southeastern atlantic rainforest. 
We found a relationship between skull shape and diet, but no relationship between 
shape and habit. Our results show that rodents with similar diets display convergent 
morphology, but also that phylogenetic relationships largely influence skull morphology.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Summary 
 
Introdução ........................................................................................................................................... 11 
Referências .......................................................................................................................................... 14 
Introduction ........................................................................................................................................ 18 
Material and Methods ........................................................................................................................ 20 
Results ................................................................................................................................................. 27 
Discussion ............................................................................................................................................ 38 
References .......................................................................................................................................... 41 
Appendix I - Listed species .................................................................................................................. 46 
Appendix II - Reference of the bones used for marking the landmarks and nomenclatures. ............ 49 
Appendix III - Analytical content and statistical results for all performed analyses. .......................... 51 
Appendix IV - Bioethics and Biosafety declaration ............................................................................. 65 
Appendix V – Copyright declaration ................................................................................................... 66 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
11 
 
 
Introdução 
Desde os trabalhos de Darwin descrevendo e definindo Seleção Natural, uma 
miríade de estudos buscou compreender a diversidade fenotípica encontrada nas 
espécies, baseando-se na descrição e compreensão dos padrões derivados 
principalmente dos processos de seleção natural e sexual (Rundle et al., 2000; Panhuis 
et al., 2001; Kaliontzopoulou, 2011; Klaczko et al., 2015).  Através do estudo da 
morfologia das espécies podemos observar e identificar fatores importantes para 
estudos de ecologia, taxonomia e comportamento (Webb, 1984). Embora a variação 
morfológica seja muitas vezes considerada fruto de adaptação e seleção natural, outros 
mecanismos podem influenciar nessa variação (Losos, 2011). Estudos empíricos 
mostraram que a variação morfológica interespecífica relativa a forma e tamanho pode 
derivar de competição interespecífica  (Brown e Willson, 1956; Pianka, 2000; Losos, 
2000; Schluter, 2000; Stuart e Losos, 2013), de diferenças na disponibilidade de recursos 
e de outros fatores ambientais (Meiri et al., 2011), de interações antagônicas (Schoener, 
1977) ou simplesmente da plasticidade fenotípica (Pfenning et al., 2010).    
Atualmente, dentro da perspectiva ecológica, pesquisadores relacionam a 
morfologia (variação na forma, shape) das espécies com aspectos ecológicos, podendo 
ter relação causal ou indicativa de seu nicho (Ricklefs & Miles, 1994). Exemplo da relação 
entre morfologia e caracteres ecológicos foram explorados, por exemplo, por Losos 
(1990) e seu estudo de caso com lagartos do gênero Anolis, analisando não só a relação 
direta entre ecologia e forma, mas a contribuição para a performance (ou fitness) da 
espécie. Assumindo‐se que espécies que ocupam nichos ecológicos semelhantes 
compartilharam ao longo de sua história evolutiva pressões seletivas também 
semelhantes, é de se esperar que apresentem atributos chaves que permitam 
inferências sobre a sua história natural e ecologia (Motta & Kotrschal, 1991). No 
entanto, em termos práticos, estudos ecológicos não teóricos, que visam compreender 
a estruturação de uma comunidade, não conseguem definir e estudar de forma 
comparativa os nichos de várias espécies devido ao conceito multidimensional de nicho 
dificultar a quantificação e interpretação dos resultados. Assim, uma abordagem 
ecomorfológica mais restrita, com redução de variáveis, pode ser realizada com foco no 
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estudo das guildas (Silva & Brandão, 2010), alimentação (Klaczko et al. 2016; Samuels, 
2009), habito (Losos, 1990) ou performance ecológica (Losos, 2009). Pode‐se pensar 
então, que padrões ecomorfológicos das espécies estejam relacionados à características 
morfológicas (Blondel 2003; Farias & Jaksic 2006; Silva & Brandão, 2010), o que pode 
nos levar a considerar a existência de ecomorfotipos explorando habitats similares e 
possuindo dietas equivalentes (Silva & Brandão, 2010). Assim, sabendo ser plausível a 
relação entre forma e padrões ecomorfológicos, pode-se buscar uma inferência de 
características e hábitos através da observação e quantificação da forma (shape), como 
já observado por Klaczko et al. (2016) com dietas de serpentes e Samuels (2009) com 
dietas de varias famílias de roedores. No entanto, muito ainda pode ser explorado, dada 
a grande diversidade biológica e variação morfológica existente dentro e entre grupos 
(Perez et al., 2009).  
Considerando essa diversidade biológica, o Brasil ocupa uma posição importante 
entre todos os 17 países mais biodiversos, abrigando o que pode variar segundo 
estimativas recentes, cerca de 13% a 20% de todas as espécies (Lewinsohn & Prado, 
2005). A Mata Atlântica, nesse cenário, é considerada um “hot spot” da biodiversidade 
configurando bioma prioritário para a conservação, abrigando mais de 8000 espécies 
endêmicas de plantas vasculares, 280 de anfíbios, 200 de répteis, 181 de aves e 210 de 
mamíferos (Myers et al. 2000). Para a classe Mammalia, a Mata Atlântica é hoje 
considerada a segunda maior detentora de espécies (Costa et al. 2000, Costa et al. 2005). 
, entre as quais Roedores, a ordem mais diversa de mamíferos, apresenta mais de 2,000 
espécies descritas (Samuels, 2009). Dentro desse grupo, os Sigmodontíneos 
(Myomorpha: Cricetidae) são a segunda maior subfamília de roedores, compreendendo 
em torno de 400 espécies distribuídas em 85 gêneros (Salazar‐Bravo et al., 2013; Patton 
et al 2015; Parada et al 2015), e apresentando grande variedade de hábitos e dietas. 
Embora as relações filogenéticas no grupo ainda sejam objeto de discussão (Voss, 1988; 
Weksler, 2006; Salazar‐Bravo et al. 2013), existe consenso quanto à monofilia do grupo, 
que é bem estabelecida por filogenias moleculares (D´Elia, 2003; Martinez et al., 2012; 
Salazar-Bravo et al. 2013). Quanto a sua morfologia, roedores destacam-se pela 
diferenciação e especialização do aparelho mastigador (ossos, músculos e articulações 
característicos do grupo) (Wood, 1955; Turnbull, 1970). Embora ainda poucos estudos 
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tenham investigado a relação da estrutura craniodentária com especialização de dietas, 
os estudos existentes para outros grupos de vertebrados mostram que pode existir uma 
forte relação entre as preferências de dieta com a estrutura cranial (Klaczko et al., 2016; 
Sacco e Valkenburgh, 2004; Friscia, et al., 2006). Essa relação pode ser abordada de 
diversas formas e em diferentes níveis filogenéticos, a depender da pergunta formulada. 
Samuels (2009), por exemplo, demonstrou que mesmo distantes filogeneticamente, 
espécies de roedores com mesma dieta apresentam convergência evolutiva no formato 
do crânio. Esse resultado pode levar a outros dois questionamentos, que abordamos 
nesse estudo: (1) espécies próximas filogeneticamente e geograficamente (simpátricas) 
teriam essa mesma resposta clara às preferências alimentares? (2) como se 
comportariam em relação a variação nos hábitos?   
Visando responder a essas questões, o presente trabalho se dividiu em duas 
análises: 
a) Caracterizar morfologicamente as espécies simpátricas de Carlos Botelho 
(Parque  
Nacional da Serra do Mar, São Paulo, SP) utilizando métodos de morfometria 
geométrica. 
b) Relacionar a forma dos crânios e padrões ecológicos dessas espécies 
(alimentação e hábito), bem como analisar a influência filogenética da estrutura 
morfológica do crânio dos roedores.   
 
 
 
 
 
 
 
 
 
14 
 
 
Referências 
Begon, M., Townsend, C. R. H., John, L., Colin, R. T., & John, L. H. (2007).Ecology: 
from individuals to ecosystems (No. Sirsi) i9781405111171). 
Blondel, J. (2003). Guilds or functional groups: does it matter?. Oikos,100(2), 
223-231. 
Brown, W. L., & Wilson, E. O. (1956). Character displacement. Systematic 
zoology, 5(2), 49-64. 
Costa, L. P., Leite, Y. L. R., Mendes, S. L., & Ditchfield, A. D. (2005). Mammal 
conservation in Brazil. Conservation Biology, 19(3), 672-679. 
Costa, L. P., Leite, Y. L., Fonseca, G. A., & Fonseca, M. T. (2000). Biogeography of 
South American forest mammals: endemism and diversity in the Atlantic 
Forest. Biotropica, 32(4b), 872-881. 
D’Elıa, G. (2003). Phylogenetics of Sigmodontinae (Rodentia, Muroidea, 
Cricetidae), with special reference to the akodont group, and with additional comments 
on historical biogeography. Cladistics, 19, 307-323. 
Eisenberg, J. F., & Redford, K. H. (1992). Mammals of the Neotropics, Volume 2: 
The Southern Cone: Chile, Argentina, Uruguay, Paraguay (Vol. 2). University of Chicago 
Press. 
Farias, A. A., & Jaksic, F. M. (2006). Assessing the relative contribution of 
functional divergence and guild aggregation to overall functional structure of species 
assemblages. Ecological Informatics, 1(4), 367-375. 
Friscia, A. R., Van Valkenburgh, B., & Biknevicius, A. R. (2007). An 
ecomorphological analysis of extant small carnivorans. Journal of Zoology,272(1), 82-
100. 
Kaliontzopoulou, A. (2011). Geometric morphometrics in herpetology: modern 
tools for enhancing the study of morphological variation in amphibians and 
reptiles. Basic and Applied Herpetology, 25, 5-32 
15 
 
Klaczko, J., Ingram, T., & Losos, J. (2015). Genitals evolve faster than other traits 
in Anolis lizards. Journal of Zoology. Journal of Zoology, 295, 44-48. 
Klaczko, J., Sherratt, E., & Setz, E. Z. (2016). Are Diet Preferences Associated to 
Skulls Shape Diversification in Xenodontine Snakes?. PloS one, 11(2), e0148375. 
Lewinsohn, T. M., & Prado, P. I. (2005). How many species are there in Brazil? 
Conservation Biology, 19(3), 619-624. 
Losos, J. B. (1990). Ecomorphology, performance capability, and scaling of West 
Indian Anolis lizards: an evolutionary analysis. Ecological Monographs, 60(3), 369-388. 
Losos, J. B. (2000). Ecological character displacement and the study of 
adaptation. Proceedings of the National Academy of Sciences, 97(11), 5693-5695. 
Losos, J. (2009). Lizards in an evolutionary tree: ecology and adaptive radiation 
of anoles (Vol. 10). Univ of California Press. 
Losos, J. B. (2011). Convergence, adaptation, and constraint. Evolution, 65(7), 
1827-1840. 
Meiri, S., Simberloff, D., & Dayan, T. (2011). Community‐wide character 
displacement in the presence of clines: A test of Holarctic weasel guilds.Journal of 
animal ecology, 80(4), 824-834. 
Motta, P. J., & Kotrschal, K. M. (1991). Correlative, experimental, and 
comparative evolutionary approaches in ecomorphology. Netherlands Journal of 
Zoology, 42(2), 400-415. 
Myers, N., Mittermeier, R. A., Mittermeier, C. G., Da Fonseca, G. A., & Kent, J. 
(2000). Biodiversity hotspots for conservation priorities. Nature, 403(6772), 853-858. 
Panhuis, T. M., Butlin, R., Zuk, M., & Tregenza, T. (2001). Sexual selection and 
speciation. Trends in Ecology & Evolution, 16(7), 364-371. 
Patterson, B. D. (2002). On the continuing need for scientific collecting of 
mammals. Mastozoología Neotropical, 9(2), 253-262. 
16 
 
Perez, S., Diniz‐Filho, J. A. F., Rohlf, F. J., & dos Reis, S. F. (2009). Ecological and 
evolutionary factors in the morphological diversification of South American spiny rats. 
Biological Journal of the Linnean Society, 98(3), 646-660. 
Pfennig, D. W., Wund, M. A., Snell-Rood, E. C., Cruickshank, T., Schlichting, C. D., 
& Moczek, A. P. (2010). Phenotypic plasticity's impacts on diversification and 
speciation. Trends in ecology & evolution, 25(8), 459-467. 
Pianka, E. R. (2000). Evolutionary ecology. Eric R. Pianka. 
Reis, N. R. D. P., Pedro, A. L., & Lima, W. A. (2006). Mamíferos do Brasil (No. 599 
(81) MAM). 
Ricklefs, R. E., & Miles, D. B. (1994). Ecological and evolutionary inferences from 
morphology: an ecological perspective. Ecological morphology: integrative organismal 
biology. University of Chicago Press, Chicago, 101, 13-41. 
Rundle, H. D., Nagel, L., Boughman, J. W., & Schluter, D. (2000). Natural selection 
and parallel speciation in sympatric sticklebacks. Science, 287(5451), 306-308. 
Sacco, T., & Van Valkenburgh, B. (2004). Ecomorphological indicators of feeding 
behaviour in the bears (Carnivora: Ursidae). Journal of Zoology,263(1), 41-54. 
Salazar‐Bravo, J., Pardiñas, U. F., & D'Elía, G. (2013). A phylogenetic appraisal of 
Sigmodontinae (Rodentia, Cricetidae) with emphasis on phyllotine genera: systematics 
and biogeography. Zoologica Scripta, 42(3), 250-261. 
Samuels, J. X. (2009). Cranial morphology and dietary habits of rodents. 
Zoological Journal of the Linnean Society, 156(4), 864-888. 
Schluter, D. (2000). The ecology of adaptive radiation. OUP Oxford. 
Schoener, T. W. (1977). Competition and the niche. Biology of the Reptilia, 7, 35-
136. 
Silva, R. R. (2010). Morphological patterns and community organization in leaf‐
litter ant assemblages. Ecological Monographs, 80(1), 107-124. 
17 
 
Stuart, Y. E., & Losos, J. B. (2013). Ecological character displacement: glass half 
full or half empty?. Trends in ecology & evolution, 28(7), 402-408. 
Turnbull, W. D. (1970). Mammalian masticatory apparatus. Fieldiana 
Geology, 18, 147-356. 
Voss RS. 1988. Systematics and ecology of Ichthyomyine rodents (Muroidea): 
patterns of morphological evolution in a small adaptive radiation. Bulletin of the 
American Museum of Natural History 188: 260–493. 
Webb PW. 1984. Body form, locomotion and foraging in aquatic vertebrates. 
American Zoologist 24: 107–120. 
Weksler, M. (2003). Phylogeny of Neotropical oryzomyine rodents (Muridae: 
Sigmodontinae) based on the nuclear IRBP exon. Molecular phylogenetics and 
evolution, 29(2), 331-349. 
Wood, A. E. (1955). A revised classification of the rodents. Journal of 
Mammalogy, 36(2), 165-187. 
Zelditch, M. L., Swiderski, D. L., & Sheets, H. D. (2004). Geometric morphometrics 
for biologists: a primer. Academic Press. 
 
 
 
 
 
 
 
 
 
 
 
 
18 
 
Introduction 
Through the study of morphological variation, we can observe and identify 
important factors for ecology, taxonomy and behavior studies (Webb, 1984) and 
although morphological diversity is often considered fruit of adaptation and natural 
selection, other mechanisms may influence this variation (Losos, 2011) as competition 
(Brown and Willson, 1956, Pianka, 2000, Schluter, 2000, Stuart and Losos, 2013), 
resources availability and diverse environmental factors (Meiri et al., 2011), antagonistic 
interactions (Schoener, 1977) or simply phenotypic plasticity (Pfenning et al., 2010). 
Within ecological view, species have been related to ecological aspects, being 
able to show relationship with their niche (Ricklefs & Miles, 1994). Losos (1990) showed 
a strait relationship between morphology and ecological characters in Anolis lizards, 
analyzing not only the relationship between ecology and shape, but also the 
contribution to the species fitness.  
However, in practical terms, comparative non-theoretical ecological studies 
cannot define and study niches due to its multidimensional concept, which turns difficult 
the quantification and interpretation of the results (Begon, 2007). Therefore, assuming 
that species that occupy similar ecological niches it is possible to perform a more 
restricted ecomorphological approach with a reduction of variables, focusing on the 
study of diet, habit, or ecological performance Motta & Kotrschal, 1991; Klaczko et al., 
2009; Losos, 2009; Bower & Piller, 2015). All this information can lead us to think that 
species ecomorphological patterns can be related to morphological characteristics, 
considering the idea of ecomorhpotypes (Blondel 2003; Farias & Jaksic 2006; Silva & 
Brandão, 2010). This idea was explored by Klaczko et al. (2016) with xenodontinae 
snakes and its diatry types, as well by Samuels (2009), with diet preferences in different 
rodent families. However, much still can be explored, given the great biological diversity 
and morphological variation within and between groups (Perez et al., 2009). 
Rodents are the most numerous order of placentary mammals, and the suborder 
Sigmodontine is the biggest clade of its order and is the most diverse group of 
Neotropical mammalian fauna (Reig, 1980). This diversity includes ecomorphological 
adaptative traits to habit and a widely sparse distribution in an altitudinal gradient 
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(Bonvicino et al., 2008). Although authors still look to a consistent and consensual tree, 
Sigmodontinae is well established as a monophyletic group (D´Elia, 2000; Salazar-
Bravoet al., 2013). Therefore, this diversification and morphogical adaptative traits 
make Sigmodontinae a very attractive group to investigate some ecomorphological 
questions. 
Samuels (2009), analyzing rodent shape evolution between 17 families of 
rodents (including 21 already extinct species from Castoridae, Cricetidae, and Sciuridae), 
grouped them by dietary types. His main goal was to show that even phylogenetically 
distant rodent species, with the same diet, presented evolutionary convergence in the 
shape of the skull, shape and position of the teeth. 
Knowing that there is a relationship between shape and diet, as shown by 
Samuels (2009), we questioned whether phylogenetically close species (belonging to the 
same subfamily with distinct diets) would have different ecomorphotypes and if there 
is a clustering of ecomorphotypes by diet categories. Would phylogenetically close 
species have that same clear relation with food preferences? 
In order to answer this question, the present work was divided in two analyzes: 
A) Performing the morphometric analysis of nine species from Sigmodontinae 
subfamily, from atlantic forest.  
B) Analytical search for the relation between skull shape and ecological patterns, 
as well as the phylogenetic influence in shape clustering. 
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Material and Methods 
Data collection 
We analyzed the skull morphology of nine sympatric species (Brocardo et al., 
2012) of Sigmodontinae rodents, from Southeastern Atlantic Rainforest, in Brazil: 
Akodon cursor, Akodon montensis, Delomys sublineatus, Euryoryzomys russatus, 
Juliomys pictipes, Nectomys squamipes, Necromys lasiurus, Oligoryzomys nigripes and 
Thaptomys nigrita. We analyzed an average of 23 specimens per species, ranging from 
11 to 45. All skulls used were from male adults (characterized by the third molar thoot 
completely ecloded) and can be found in the following museum collections: Museu 
Nacional, Rio de Janeiro, Brazil (MN) and Museu de Zoologia da USP, São Paulo, Brazil 
(MZUSP) (the complete list can be seen in Appendix I). We obtained digital images of the 
skulls in dorsal, ventral and left lateral views, using a Canon Coolpix P501 digital camera. 
Images were standardized for skull position, camera lens plane position, and distance 
between camera lens and skull.  
For each view, we digitalized a set of landmarks (10 in dorsal and lateral views 
and 11 in ventral view) using tpsDig 2.12 (Rohlf, 2006) (Figure 1). For dorsal and ventral 
views, we only used the left side of the skull, since this study did not aim to analyze any 
asymmetric component (Larson, 2004). Table 1 shows anatomic definitions for each 
landmark used. The digitalized landmarks were scaled, rotated, and translated using 
Generalized Procrustes Analysis (GPA) method (Klingenberg & McIntyre, 1998; 
Bookstein, 1991). The Procrustes coordinates were obtained for all specimens in the 
dataset, and as well the mean skull shape for each species, and used in the further 
analyses. All the analyses were performed using MorphoJ 1.06d (Klingenberg, 2011).  
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Figure 1: Cranial landmarks: cranial landmarks recorded from Sigmodontinae 
rats. Dorsal view (A), anatomical wireframe of the dorsal view (B), lateral view (C), 
anatomical wireframe of lateral view (D), ventral view (E) and anatomical wireframe of 
ventral view (F). 
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Table 1: Anatomical landmarks description for all three skull views. 
View 
L
M 
Description 
Dorsal 
1 Anterior  tip of the nasal bone, in the midsagittal plane 
2 
Meeting point between nasal and frontal in the midsagittal 
plane 
3 
Most posterior point of the interparietal along the midsagittal 
plane (meeting of sagittal and nuchal crests) 
4 Anterior tip of suture between nasal and premaxilla 
5 Anterior tip of suture between premaxilla and maxilla 
6 Posterior tip of suture between frontal and jugal 
7 Postorbital constriction 
8 
Most posterior meeting point between jugal and squamosal 
process of the zygomatic arch 
9 
Most posterior point of the temporal fossa along the 
squamosal process of the zygomatic arch 
10 
Y-shaped suture where the squamosal, parietal, and occipital 
meet 
   
Lateral 
1 Anterior tip of the nasal 
2 Most anterior point of the upper incisor alveolus 
3 Most posterior point of the upper incisor alveolus 
4 Anterior end of the cheek tooth row 
5 Posterior end of the cheek tooth row 
6 Most posterior point of the occipital condyle 
7 
Most posterior point of the interparietal along the midsagittal 
plane (meeting of sagittal and nuchal crests) 
8 Meeting point between sagittal and nuchal crests 
9 
Meeting point between nasal and frontal along the 
midsagittal plane 
   
Ventral 
1 Medial edge of the upper incisor blade 
2 Lateral edge of the upper incisor blade 
3 Anterior end of the cheek tooth row 
4 Posterior end of the cheek tooth row 
5 
Most posterior point of the temporal fossa along the 
squamosal process of the zygomatic arch 
6 Posterior tip of the ethmoid, in the ear meatus. 
7 Most posterior point of the occipital condyle 
8 Posterior midsagittal border of the foramen magnum 
9 Anterior midsagittal border of the foramen magnum 
10 Posterior tip of the suture between the palatines 
11 Posterior tip of incisive foramen 
12 Anterior tip of incisive foramen 
13 Lateral tip of tympanic bulla  
14 Ending point of paraoccipital process 
15 
Lateral tip of the suture between basisphenoid and 
basioccipital bones. 
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Principal Components Analysis  
 
 Principal components analysis is an ordination technique to explore patterns in 
a multivariate dataset. The results include scatter plots of specimens that describe 
patterns of variation among individuals or differentiation among groups (Zelditch, 
2004). As a visual result PCA space is the “shape space” used to show similarity and 
difference in shape among objects, and it is often used to model evolutionary and 
developmental shape transformations, that can be further related with other traits 
(Polly et al., 2013; Polly, 2004).  Here we used PCA to depict differences in skull 
morphology among species from their average shapes recorded in each view.  The 
differences in shape described by each principal axis (PC) were summarized using thin‐
plate spline deformation grids, as in Figures 1 to 3 (Klaczko et al., 2016; Rohlf, 1993). All 
Principal components analysis were performed using MorphoJ software (Klingenberg, 
2011). 
Phylogeny and Comparative Approach  
 
We built a phylogenetic tree for the 9 species using the Eurasian grey red‐backed 
vole (Myodes rufocanus Sundevall, 1846) as outgroup. We used sequences of protein 
coding genes Cytochrome B (CytB) and Cytochrome Oxidase I (COI), obtained from 
GenBank (access numbers in Table 2), and aligned using ClustalW (Larkin et al., 2007), 
and ran jModelTest2 (Posada, 2008) to find the most appropriate model of sequence 
evolution: in this case, TIM2+I+G for both genes. In sequence, Mr Bayes v3.1.2 (Ronquist 
& Huelsenbeck, 2003) was employed for Bayesian phylogenetic analysis.   
We evaluated the phylogenetic signal using MorphoJ software, through mapping 
the phylogenetic tree into the shape space (PCA), for each skull view, and running a 
permutation test against the null hypothesis of no phylogenetic signal (under a number 
of 10000 randomization rounds). We used Unweighted Squared‐change Parsimony 
Method to analyze phylogenetic signal, as it is MorphoJ default methodology. MorphoJ 
uses reconstructed ancestral shapes to superimpose the phylogeny onto ordination 
plots, showing new datasets with reconstructed changes along the branches of the 
phylogeny and independent contrasts, (Klingenberg, 2011). The shape distance matrix 
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was created using Procrustes distances among species pairs from a Principal Component 
Analysis (PCA) in MorphoJ (Bower & Piller, 2015).  
Canonical Variate Analysis  
 
Canonical Variate Analysis (CVA, also known as canonical discriminant analysis) 
is a statistical technique for assessing, displaying and analyzing variation among groups 
(Campbell & Atchley, 1981; Zelditch, 2004). The purpose of CVA is to simplify the 
description of this variation, extracting axes (CV´s) from a multidimensional space that 
has the greatest ratio of among-group to within‐group variance (best variance 
explanation). Therefore, if one plots the first CV´s associated with the classifiers of 
interest (dietary, habits), this might show a clear display of differences among groups. 
These plots are scaled relative to the pooled estimate of within-group variation 
(Campbell & Atchley, 1981). CVA was used to identify distinct skull shape features that 
best distinguish each trophic guild category and habit. These analyses also were carried 
out in MorphoJ. 
Table 2: Reference table with GenBank vouchers to all sequences used in our 
phylogenetic analysis. 
Species Genes Identification  GenBank  
Akodon montensis  
Cytb  
COI  
voucher MN:69920 cytochrome b (cytb) 
gene, complete cds; mitochondrial  
voucher MN:78725 cytochrome oxidase 
subunit I (COI) gene, complete cds; 
mitochondrial  
EU251018.1  
KF815394.1  
Akodon cursor  
Cytb  
COI  
voucher FMNH 141724 cytochrome b 
(cytb) gene, complete cds; 
mitochondrial  
voucher MN:78918 cytochrome  
oxidase subunit I (COI) gene, partial  
cds; mitochondrial  
KC841340.1  
KF815396.1  
Delomys sublineatus  
Cytb  
COI  
mitochondrial gene encoding  
mitochondrial protein, complete cds  
voucher 9950 cytochrome oxidase  
subunit I (COI) gene, partial cds;  
mitochondrial  
AF108687.1 
GU938952.1  
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Euryoryzomys russatus  
Cytb  
COI  
voucher ORG067 cytochrome b  
(Cytb) gene, partial cds; 
mitochondrial  
voucher 468‐PEM42 cytochrome  
oxidase subunit 1 (COI) gene, partial  
cds; mitochondrial  
EU579486.1  
KJ013092.1  
Juliomys pictipes  
Cytb  
COI  
voucher TK145073 cytochrome b  
(cytb) gene, partial cds; 
mitochondrial  
voucher 395‐PEM41 cytochrome  
oxidase subunit 1 (COI) gene, partial  
cds; mitochondrial  
FJ026733.1 
KJ013093.1  
Necromys lasiurus  
Cytb  
COI  
cytochrome b (cytb) gene, complete cds; 
mitochondrial voucher 6859 cytochrome 
oxidase  
subunit I‐like (COI) gene, partial 
sequence; mitochondrial  
EF622509.1 
GU938998.1  
Nectomys squamipes  
Cytb  
COI  
voucher TK63841 cytochrome b  
(cytb) gene, partial cds; 
mitochondrial  
squamipes voucher 386‐PEM31  
cytochrome oxidase subunit 1 (COI) gene, 
partial cds; mitochondrial  
EU074634.1  
KJ013088.1  
Oligoryzomys nigripes  
Cytb  
COI  
voucher LBCE8160 cytochrome b  
(cytb) gene, partial cds; 
mitochondrial  
voucher MN:78761 cytochrome  
oxidase subunit I (COI) gene, partial  
cds; mitochondrial  
JQ013778.1  
KF815406.1  
Thaptomys nigrita  
Cytb  
COI  
voucher MN:78913 cytochrome b  
(cytb) gene, partial cds; 
mitochondrial  
voucher MN:78913 cytochrome  
oxidase subunit I (COI) gene, partial  
cds; mitochondrial  
KF815393.1  
KF815403.1  
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Dietary types and habits  
 
 The classifications of dietary type and habit were obtained from the literature 
for all species analyzed in this study. These dietary and life history traits, as well as its 
references are presented in Table 3.  
  
Table 3: Species dietary and habit types obtained in previous studies of Sigmodontinae 
group. 
Species  Dietary type  Habit  
Akodon cursor  Insectivore‐omnivore[1]  Terrestrial[5]  
Akodon montensis  Omnivore [2]  Terrestrial[6]  
Delomys sublineatus  Frugivore‐granivore[3]  Terrestrial[3]  
Euryoryzomys russatus  Frugivore‐granivore[3]  Terrestrial[3]  
Juliomys pictipes  Frugivore‐omnivore[4]  Arboreal[4]  
Necromys lasiurus  Omnivore[2]  Terrestrial[7]  
Nectomys squamipes  Omnivore[4]  Semi aquatical[7]  
Oligoryzomys nigripes  Frugivore‐granivore[4]  Scansorial[7]  
Thaptomys nigrita  Insectivore‐omnivore[3]  Terrestrial[8]  
[1] Carvalho et al., 1999; [2] Talamoni et al. 2008; [3] Pinotti et al., 2011; [4] Vieira et al., 2003;  
[5] Mares et al., 1989; [6] Vieira & Monteiro‐Filho, 2003; [7] Graipel, 2006; [8] Olmos, 1991.  
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Results  
Principal components analysis  
The first five principal components (PC) of skull shape explained around 80% of 
shape total variance (75.8% in ventral view, 82.4% in dorsal view, and 81.8% in the 
lateral view). In the dorsal view, PC1 and PC2 explained 34.9 and 16.4% of the variation 
respectively. The main variation observed along the first PC axis was the enlargement of 
the frontal and parietal bones in species with positive value. PC2 shows a variation 
mainly in the zygomatic arch area and in the relative position between the interparietal 
and occipital bones (Figure 1). In this view the species Akodon cursor, Nectomys 
squamipes and Juliomys pictipes were the ones that graphically presented greater 
detachment from the average form, seen in graphic center. In the lateral view of the 
skull the increase of the PC1 values is followed by a flattening of the basicranium along 
the midsagittal plane. A noticeable lengthening of the nasal bones beyond the upper 
incisor line can also be observed. PC2, on the other hand, showed a bulging of the 
basicranium bones and the approximation of the palate and nasal bones (Figure 2). 
Thaptomys nigrita e Necromys lasiurus were the species that more distanced from the 
average form, although they are overlapping most of their values along the shape space. 
Finally, in the ventral view, the increase PC1 axis values shows a concomitant elongation 
of all the ventral bones along the midsagittal plane, at the same time as the 
mesopterigoid fossa gets closer to the upper incisors line. PC2 axis, besides showing the 
enlargement of the bones around the incisive foramen, shows a slight sprain of the 
tympanic bulla towards the lateral of the basicranium (Figure 3). Ventrally, the species 
were more homogeneously concentrated around the origin of the axes, which 
represents the average shape. All descriptive statistics contents of the PCA analysis can 
be found in Appendix III. 
 
 
 
 
28 
 
 
Figure 3: PCA morphospace of skull lateral view (PC1 x PC2) showing all the analyzed 
specimens. Points are colored by species. Deformation grids next to the axis show 
tendencies of each Principal Component, from negative and positive results.  
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Figure 4: PCA morphospace of the ventral view of the skull (PC1 x PC2) showing all the 
analyzed specimens. Points are colored by species. Deformation grids next to the axis 
show tendencies of each Principal Component, from negative and positive results. 
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Phylogenetic Tree  
 
Our phylogenetic hypothesis was generally consistent with previous ones that 
included the same genera found in the literature (Fig. 4; D´Elia et al., 2003; D´Elia2003; 
Salazar‐Bravo et al., 2013). The subfamily Sigmodontinae, which includes all species in 
this study, was revealed as monophyletic and showed well resolved relationships among 
the analyzed genera, in spite of the low support for the clades. The Akodontini group 
has the monophyly supported (Akodon, Thaptomys and Necromys), and the relationship 
between the analyzed taxa was consistent with the mithocondrial cytB based analysis of 
Salazar‐Bravo et al. (2013). However, other phylogenetic hypotheses (D´Elia 2003; D´Elia 
et al., 2003) disagreed with regard to the relationships among the three genera, 
assuming a closer relationship between Thaptomys and Necromys. The clade containing 
Euryoryzomys, Oligoryzomys and Nectomys were found in our phylogeny and by Salazar‐
Bravo et al. (2013), hypothesis, however in our tree, Oligoryzomys appears as a more 
basal taxa in this group instead of Euryoryzomys as in Salazar‐Bravo et al. (2013) tree. 
Delomys sublineatus was recovered as the most basal clade in our phylogenetic 
hypothesis, corroborating D´Elia et al. (2003) and D´Elia (2003) hypotheses. 
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Figure 5: Phylogenetic hypothesis based on two protein mitochondrial coding genes 
(CytB and COI) for nine species. 
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Phylogenetic signal  
 
Unweighted squared‐change parsimony method showed that morphotype 
differences are influenced by phylogenetic signal, as p‐values were significative in all 
three views: dorsal (p=0.04), lateral (p=0.02) and ventral (p=0.0087). In Figures 8 to 10 
(A and B) our phylogenetic hypothesis for Sigmodontinae species was mapped onto PCA 
morphospace, showing how those terminal taxa behave to fit in each classification of 
dietary types (A) or habit types (B). The direction of the branches means a tendency 
vector to respective group settled by the morphospace. The more deformed from the 
original tree the branches are (and more convergent to a certain type of classifier), more 
detached from the original phylogenetic tendency it is.  
 
 
Figure 6: Left: Our phylogenetic hypothesis, mapped onto PCA shape space. For dorsal 
view classified by dietary types (A), and habit (B); Right: transformation grids from PC1 
to positive (C) and negative (D) values. Transformation grids from PC2 to positive (E) and 
negative (F) values (IO = Insectivore-omnivore; FO = Frugivore-omnivore; OM = 
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Omnivore; FG = Frugivore-gramnivore; SC = Scansorial; SA = Semiaquatical; TE = 
Terrestrial; AR = Arboreal) 
 
Figure 7: Left: Our phylogenetic hypothesis, mapped onto PCA shape space. For lateral 
view classified by dietary types (A), and habit (B); Right: transformation grids from PC1 
to positive (C) and negative (D) values. Transformation grids PC2 to positive (E) and and 
negative (F) values (IO = Insectivore-omnivore; FO = Frugivore-omnivore; OM = 
Omnivore; FG = Frugivore-gramnivore; SC = Scansorial; SA = Semiaquatical; TE = 
Terrestrial; AR = Arboreal) 
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Figure 8: Left: Our phylogenetic hypothesis, mapped onto PCA shape space. For ventral 
view classified by dietary types (A), and habit (B); Right: transformation grids from PC1 
to positive (C) and negative (D) values. Transformation grids PC2 to positive (E) and and 
negative (F) values (IO = Insectivore-omnivore; FO = Frugivore-omnivore; OM = 
Omnivore; FG = Frugivore-gramnivore; SC = Scansorial; SA = Semiaquatical; TE = 
Terrestrial; AR = Arboreal) 
 
Canonical Variate Analyses  
 
The first two axes of the CVA account for 87.44% of the variation for the lateral view, 
and 100% of the variation for the ventral and dorsal views (Fig. 5, 6 and 7) for dietary 
groups. For habit, the first two CV explained 93.5% for the lateral view, 90.8% and 98% 
for ventral and dorsal views respectively.  The permutation tests (p-values for 10000 
rounds) for Procrustes distances among groups were significative (p < 0.0001) among all 
dietary and habit groups, although visually some of the habit groups as arboreal and 
scansorial may appear closer than others on shape space (Figs. 8 to 10). CVA analysis 
identified distinct body shape groupings for each dietary type (omnivore, frugivore-
omnivore, frugivore-granivore and insectivore-ominvore) and habits (arboreal, 
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subaquatical, scansorial and terrestrial; Figs. 5 to 10). By analyzing the two first CV´s 
along the axis they are settled two principal changes can be seen: in dorsal view, the 
elongation of the whole skull and the detachment of the posterior portion (for CV1), 
which includes parietal, occipital and temporal bones (for CV2), as seen in the Figure 5. 
The same can be observed in Figure 6 for lateral view. In ventral view, the position of 
the edges of incisive foramen varies along CV1 axis, and tympanic bulla landmarks moves 
along CV2 values, becoming larger in the most anterior edge. All variation observed in 
each view agreed with the other ones, which makes plausible the whole picture analysis. 
 
Figure 9: Left: Canonical Variate Analysis for dorsal view classified by dietary types (A), 
and habit (B); Right: transformation grids from CV1 to positive (C) and negative (D) 
values. Transformation grids from CV2 to positive (E) and negative (F) values. (IO = 
Insectivore-omnivore; FO = Frugivore-omnivore; OM = Omnivore; FG = Frugivore-
gramnivore; SC = Scansorial; SA = Semiaquatical; TE = Terrestrial; AR = Arborial) 
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Figure 10: Left: Canonical Variate Analysis for lateral view classified by dietary types (A), 
and habit (B); Right: transformation grids from CV1 to positive (C) and negative (D) 
values. Transformation grids CV2 to positive (E) and negative (F) values. (IO = 
Insectivore-omnivore; FO = Frugivore-omnivore; OM = Omnivore; FG = Frugivore-
gramnivore; SC = Scansorial; SA = Semiaquatical; TE = Terrestrial; AR = Arborial) 
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Figure 11: Left: Canonical Variate Analysis for ventral view classified by dietary types (A), 
and habit (B); Right: transformation grids from CV1 to positive (C) and negative (D) 
values. Transformation grids CV2 to positive (E) and negative (F) values. (IO = 
Insectivore-omnivore; FO = Frugivore-omnivore; OM = Omnivore; FG = Frugivore-
gramnivore; SC = Scansorial; SA = Semiaquatical; TE = Terrestrial; AR = Arborial) 
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Discussion  
The first and main objective in this study was to associate the skull shape with 
diet types and habit traits in the closely related species of the sympatric Sigmodontinae 
rodents, considering and discarding the influence of the branching process. We based 
our hypothesis in previous studies that tried to correlate diet and other natural history 
traits to morphology, with different results, improving the ecomorphology debate. 
Klaczko et al. (2016), Bower & Piller (2015) and Wagner et al., (2009) are some of the 
authors that found a strong relationship between diet preferences and morphology in 
closer groups. Other authors (Samuels, 2009; Alvarez et al., 2011) found a larger 
difference between species skull morphology related to dietary preferences when 
studying distant species in high taxonomic levels.  Douglas & Matthews (1992) and 
Winemiller & Adite (1997), on the other hand, found a low‐supported or non‐existent 
relation between species and those natural history traits, even working with very similar 
groups with the correlated positive results, like cichlid fishes in Bower & Piller (2015).  
This shows us that depending on the approach taken and the comparisons made 
between species, the shape may or may not be an influence factor related to other 
species characteristics. The response to both the presence and absence of correlation 
between shape and nature history may be related to how these factors have been 
projected in the phylogeny of the species considered. Maestri et al. (2016) analyzed a 
physical characteristic (body size) for which the variation was previously observed in 
sigmodontine rodents, and related to environmental characteristics to which the 
assemblages were subjected, and concluded that only environmental quality does not 
have sufficient strength to shape and induce a variation such as that observed, without 
the help of historical and evolutionary factors. With that, one might consider that for 
some sets of species the factors considered in the analysis (diet, habit) will respond to 
shape depending on whether or not they are well established in evolutionary history 
We found a strong relationship between dietary types and skull morphology in 
all three views (Figures 5‐A, 6‐A, 7‐A). The CVA results showed, as expected, a clear 
spacing of the morphotypes onto morphospace, which corroborate previous studies 
with Rodentia (Samuels, 2009; Alvarez et al., 2015), meaning that the clustering we 
observed in CVA and Relative Warp graphics have a statistical support. However, we did 
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not find a consistent relation with habits (Figures 5‐B, 6‐B, 7‐B), which may imply a 
stronger connection between skull parts and diets then other natural history traits. As 
small mammals, natural history traits as habit may be more related to other body parts 
directly responsible for climbing, swimming and jumping, which could explain the weak 
connection with skull shape.   
Concerning the evolutionary history, skull shape has a strong correlation with 
phylogenetic distance as we showed mapping our phylogenetic tree onto PC 
morphospace (Figures 8, 9 and 10), which agreed with previous studies, in which body 
shape data have a strong phylogenetic signal and, therefore, cannot be considered 
independent  (Bower & Piller, 2015; Alvarez et al., 2011). This shows that even if traits 
correlated with morphology, this might not be easily dissociated from its evolutionary 
history and associated with natural selection itself or any other adaptation to biological 
processes (Bower & Piller, 2015). The influence of phylogenetic relationships became 
even clearer with the superimposition of insectivore‐omnivore and omnivore diets in 
CVA graphics, for dorsal and lateral views (Figures 5A and 6A). These clusters correspond 
to Akodon cursor, Thaptomys nigrita (Insectivore‐omnivore) and Akodon montensis 
(Omnivore) which together form a monophyletic clade in our phylogenetic hypothesis.  
Therefore, as we consider evolutionary paths, we might take into account sister clades 
with early divergence along evolutionary history (Alvarez et al., 2011), as in the case of 
Sigmodontinae rodents (Steppan et al., 2004), which could help explain slight 
differences even for more distant clades. Considering the strong relationship and early 
history between the species in this study (Salazar‐Bravo, 2015), we expected that the 
PCA analysis would not show a remarkable difference among groups, although we could 
observe differences specially regarding nasal bones length and basicranium width, 
which was strong enough to show up in Principal Components analysis through variance 
in the first two PCs. For this discussion, Maestri et al. (2016b) found that both the bite 
strength and the shape of the rodent skull with granivore and herbivore diet are similar. 
This may be an evidence of little variation of the ancestral condition (general 
morphotype). The authors also found that of the whole subfamily, the forms 
corresponding to the insectivorous diet are the ones that have most distanced in the 
morphospace.   
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As we compare our results to other studies of ecomorphology (Klingenberg, 
2003; Bower & Piller,), we could realize how far to get detailed description of rodents 
habits and diets we are. To access a more solid and strong correlation, that could explain 
even more of these strategies evolution, the more we know about dietary composition, 
the more we could sharp those correlations. Although some studies have analyzed a 
wider range of species (Maestri et al. 2016, Maestri et al., 2016b) within this subfamily, 
this study has shown that a strong evolutionary signal, which responds directly to a 
shape analysis, can be observed even with few and close species. Finally, we must 
highlight the importance of this kind of studies, comprising different areas of zoology 
and ecology knowledge, which allows to evaluate and measure not only ecological 
mechanisms of structuring, but the influence of evolutionary pathways and it results.  
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Appendix I - Listed species 
Individuals’ vouchers, respective museums and gender. 
Species Voucher Museum Gender 
Akodon cursor 32867 MZUSP F 
Akodon cursor 33440 MZUSP F 
Akodon cursor 33445 MZUSP F 
Akodon cursor 33453 MZUSP F 
Akodon cursor 33459 MZUSP F 
Akodon cursor 33465 MZUSP F 
Akodon cursor 32846 MZUSP M 
Akodon cursor 32849 MZUSP M 
Akodon cursor 32876 MZUSP M 
Akodon cursor 33439 MZUSP M 
Akodon cursor 33455 MZUSP M 
Akodon cursor 33462 MZUSP M 
Akodon cursor 33464 MZUSP M 
Akodon cursor 7130 MN M 
Akodon cursor 7119 MN M 
Akodon cursor 8244 MN M 
Akodon cursor 5369 MN M 
Akodon cursor 5355 MN M 
Akodon cursor 48001 MN M 
Akodon cursor 5268 MN M 
Akodon cursor 32831 MN M 
Akodon cursor 32834 MN M 
Akodon cursor 32845 MN M 
Akodon cursor 32845 MN M 
Akodon cursor 4320 MN M 
Akodon cursor 4313 MN M 
Akodon cursor 4308 MN M 
Akodon cursor 5176 MN M 
Akodon montensis 9767 MN M 
Akodon montensis 9769 MN M 
Akodon montensis 50241 MN M 
Akodon montensis 63121 MN M 
Akodon montensis 48890 MN M 
Akodon montensis 48885 MN M 
Akodon montensis 50274 MN M 
Akodon montensis 50273 MN M 
Akodon montensis 50272 MN M 
Akodon montensis 50271 MN M 
Akodon montensis 50268 MN M 
Akodon montensis 59109 MN M 
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Akodon montensis 50301 MN M 
Akodon montensis 75170 MN M 
Akodon montensis 71601 MN M 
Akodon montensis 75176 MN M 
Akodon montensis 71600 MN M 
Akodon montensis 50235 MN M 
Akodon montensis 31365 MN M 
Akodon montensis 31375 MN M 
Akodon montensis 59110 MN M 
Blarinomys breviceps 29460 MN M 
Blarinomys breviceps 29458 MN M 
Blarinomys breviceps 29457 MN M 
Blarinomys breviceps 29454 MN M 
Blarinomys breviceps 29445 MN M 
Blarinomys breviceps 29453 MN M 
Blarinomys breviceps 68882 MN M 
Blarinomys breviceps 37029 MN M 
Blarinomys breviceps 71774 MN U 
Blarinomys breviceps 71837 MN U 
Blarinomys breviceps 70226 MN U 
Blarinomys breviceps 70223 MN U 
Blarinomys breviceps 70224 MN U 
Delomys sublineatus 10725 MZUSP F 
Delomys sublineatus 27346 MZUSP F 
Delomys sublineatus 27347 MZUSP F 
Delomys sublineatus 27372 MZUSP F 
Delomys sublineatus 29307 MZUSP F 
Delomys sublineatus 50237 MN F 
Delomys sublineatus 70021 MN F 
Delomys sublineatus 10166 MZUSP M 
Delomys sublineatus 24988 MZUSP M 
Delomys sublineatus 26778 MZUSP M 
Delomys sublineatus 27306 MZUSP M 
Delomys sublineatus 27308 MZUSP M 
Delomys sublineatus 27319 MZUSP M 
Delomys sublineatus 27322 MZUSP M 
Delomys sublineatus 27519 MZUSP M 
Delomys sublineatus 31379 MN M 
Delomys sublineatus 32450 MN M 
Delomys sublineatus 70036 MN M 
Euryoryzomys russatus 33345 MZUSP F 
Euryoryzomys russatus 33374 MZUSP F 
Euryoryzomys russatus 33436 MZUSP F 
Euryoryzomys russatus 33442 MZUSP F 
Euryoryzomys russatus 32836 MZUSP M 
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Euryoryzomys russatus 33351 MZUSP M 
Euryoryzomys russatus 33371 MZUSP M 
Euryoryzomys russatus 33414 MZUSP M 
Euryoryzomys russatus 33429 MZUSP M 
Euryoryzomys russatus 33435 MZUSP M 
Euryoryzomys russatus 33447 MZUSP M 
Euryoryzomys russatus 33449 MZUSP M 
Euryoryzomys russatus 33451 MZUSP M 
Euryoryzomys russatus 33452 MZUSP M 
Euryoryzomys russatus 33453 MZUSP M 
Euryoryzomys russatus 67518 MN M 
Euryoryzomys russatus 67527 MN M 
Euryoryzomys russatus 67517 MN M 
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Appendix II - Reference of the bones used for marking the landmarks and 
nomenclatures. 
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Bones used to describe landmarks, for each view. 
Marker Description 
1 Nasal bone 
2 Frontal bone 
3 Parietal bone 
4 Premaxyllar bone 
5 Maxyllar bone 
6 Jugal bone 
7 Squamosal bone 
8 Nasal bone  
9 Incisor tooth 
10 Cheek teeth row 
  
11 Anterior tip of the nasal 
12 Occipital condyle  
13 Frontal bone 
14 Incisor tooth  
15 Cheek teeth row  
16 Squamosal  
17 Jugal bone 
18 Border of the foramen magnum 
19 Foramen magnum 
  
20 Mesopterygoid fossa 
21 Incisive foramen 
22 Basioccipital 
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Appendix III - Analytical content and statistical results for all performed 
analyses. 
 
Eigenvalues and variance percentages for each Principal Component (1 - 16) and 
cumulatives from dorsal view analysis 
 
 Eigenvalues % Variance Cumulative % 
1. 0,00100627 34,98 34,98 
2. 0,00047293 16,44 51,42 
3. 0,00045013 15,648 67,068 
4. 0,00024418 8,488 75,556 
5. 0,00019685 6,843 82,399 
6. 0,000116 4,032 86,431 
7. 0,00011074 3,849 90,28 
8. 0,0000785 2,729 93,009 
9. 0,00005268 1,831 94,841 
10. 0,00004569 1,588 96,429 
11. 0,00003403 1,183 97,612 
12. 0,00002454 0,853 98,465 
13. 0,00001788 0,622 99,086 
14. 0,00001079 0,375 99,461 
15. 0,00000973 0,338 99,8 
16. 0,00000576 0,2 100 
    
Total variance:  0,00287669   
    
Variance of the eigenvalues:  0,0000000661931  
Eigenvalue variance scaled by total variance:  0,00800 
Eigenvalue variance scaled by total variance and number of variables:  0,13651 
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Dorsal view coefficients of first and second PC´s to both landmark´s vectors (x and y). 
Principal Component Coefficients 
 PC1 PC2 
x1 -0,33732 0,153853 
y1 0,016247 0,002463 
x2 0,626713 0,312718 
y2 -0,000935 -0,09368 
x3 -0,158006 0,218203 
y3 -0,250965 -0,24295 
x4 -0,256555 0,13474 
y4 -0,055916 0,062767 
x5 -0,198506 -0,007037 
y5 -0,056017 -0,096122 
x6 0,208633 -0,351895 
y6 -0,054176 0,004163 
x7 0,38373 -0,485008 
y7 -0,009931 -0,109701 
x8 -0,184151 -0,202789 
y8 0,098726 -0,049687 
x9 -0,085221 -0,033024 
y9 0,152204 0,025173 
x10 0,000683 0,260239 
y10 0,160762 0,497573 
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Eigenvalues and variance percentages for each Principal Component (1 - 16) and 
cumulatives from lateral view analysis 
 Eigenvalues 
% 
Variance 
Cumulative % 
1. 0,000764 34,792 34,792  
2. 0,000438 19,948 54,74  
3. 0,000295 13,407 68,148  
4. 0,000176 8,024 76,172  
5. 0,000125 5,668 81,84  
6. 7,94E-05 3,612 85,452  
7. 7,1E-05 3,23 88,682  
8. 5,39E-05 2,453 91,136  
9. 4,5E-05 2,049 93,185  
10. 3,94E-05 1,795 94,98  
11. 3,58E-05 1,63 96,61  
12. 2,34E-05 1,063 97,673  
13. 1,89E-05 0,862 98,535  
14. 1,35E-05 0,616 99,15  
15. 1,04E-05 0,471 99,621  
16. 8,32E-06 0,379 100  
     
Total variance:  0,00219679   
     
Variance of the eigenvalues:  0,0000000392673 
Eigenvalue variance scaled by total variance:  0,00814 
Eigenvalue variance scaled by total variance and number of variables:  0,13887 
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Lateral view coefficients of first and second PC´s to both landmark´s vectors (x and y). 
 Principal Component Coefficients 
 PC1 PC2 
x1 -0,555494 0,000158 
y1 0,087067 -0,244812 
x2 -0,235663 0,130559 
y2 0,128346 -0,156617 
x3 0,247435 0,165594 
y3 -0,211795 -0,030877 
x4 0,383777 0,143813 
y4 -0,093443 0,030467 
x5 0,220624 -0,204197 
y5 0,09872 0,234387 
x6 0,075259 -0,23144 
y6 0,129992 0,234546 
x7 -0,036143 -0,388635 
y7 0,155043 -0,161504 
x8 0,143957 0,388172 
y8 -0,331904 -0,191733 
x9 -0,27754 0,317212 
y9 -0,110698 0,273421 
x10 0,033789 -0,321237 
y10 0,148671 0,012724 
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Eigenvalues and variance percentages for each Principal Component (1 - 16) and 
cumulatives from ventral view analysis 
 Eigenvalues % Variance Cumulative % 
1. 0,00087776 38,432 38,432 
2. 0,00035617 15,595 54,026 
3. 0,00025048 10,967 64,993 
4. 0,00013513 5,916 70,91 
5. 0,00011321 4,957 75,866 
6. 0,00008062 3,53 79,396 
7. 0,0000716 3,135 82,531 
8. 0,00006114 2,677 85,208 
9. 0,00005136 2,249 87,457 
10. 0,00004373 1,914 89,372 
11. 0,00003857 1,689 91,06 
12. 0,00003777 1,654 92,714 
13. 0,00003114 1,363 94,077 
14. 0,00002292 1,004 95,081 
15. 0,0000229 1,003 96,084 
16. 0,00001763 0,772 96,856 
17. 0,00001477 0,647 97,502 
18. 0,00001309 0,573 98,076 
19. 0,00001176 0,515 98,591 
20. 0,00000817 0,358 98,948 
21. 0,00000787 0,344 99,293 
22. 0,00000526 0,23 99,523 
23. 0,00000471 0,206 99,729 
24. 0,00000298 0,13 99,859 
25. 0,00000185 0,081 99,94 
26. 0,00000136 0,06 100 
    
Total variance:  0,00228396  
    
Variance of the eigenvalues:  0,0000000313997 
Eigenvalue variance scaled by total variance:  0,00602 
Eigenvalue variance scaled by total variance and number of variables:  0,16276 
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Ventral view coefficients of first and second PC´s to both landmark´s vectors (x and y). 
 Principal Component Coefficients 
 PC1 PC2 
x1 -0,156591 -0,019987 
y1 -0,031271 0,0993 
x2 -0,143981 -0,070091 
y2 -0,064237 0,09622 
x3 0,077317 -0,11119 
y3 0,007304 0,009973 
x4 0,122289 -0,094817 
y4 -0,120346 -0,055405 
x5 -0,143488 0,712425 
y5 0,159127 0,269556 
x6 -0,335065 0,083754 
y6 0,190971 0,099128 
x7 0,011781 -0,139406 
y7 -0,022874 -0,114781 
x8 -0,286394 -0,133217 
y8 -0,189468 -0,130536 
x9 0,2673 -0,095113 
y9 -0,121829 -0,145485 
x10 0,38318 -0,164362 
y10 -0,024774 -0,068447 
x11 -0,372052 -0,083182 
y11 -0,05641 -0,020861 
x12 0,055304 -0,040311 
y12 0,018874 0,035769 
x13 0,140969 0,318409 
y13 0,240439 -0,097733 
x14 -0,000545 -0,241631 
y14 0,010577 0,150647 
x15 0,379977 0,078718 
y15 0,003917 -0,127345 
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Procrustes distances among analyzed dietary groups and results (p-values) for 
permutation tests using Procrustes distances, in dorsal view. 
Procrustes distances among groups: 
 AR SA SC 
SA 0,0847 / / 
SC 0,0384 0,0682 / 
TE 0,065 0,0528 0,0489 
P-values from permutation tests (10000 permutation rounds) for Procrustes distances among 
groups: 
 AR SA SC 
SA <.0001 / / 
SC <.0001 <.0001 / 
TE <.0001 <.0001 <.0001 
 
 
Canonical coefficients from three first canonical variables, comparing dietary groups in 
dorsal view. 
Canonical coefficients   
 CV1 CV2 CV3 
x1 7,7564 -3,3884 31,0328 
y1 66,7778 63,2426 -6,5948 
x2 13,459 -16,8917 -16,7569 
y2 74,66 21,5418 48,0918 
x3 -31,8046 -20,9881 2,2089 
y3 -35,6942 17,5725 -23,0018 
x4 -6,7435 -40,2495 -35,3694 
y4 -54,6318 -32,6115 -117,9525 
x5 -8,957 -12,7694 35,684 
y5 -57,0963 -28,4231 146,3592 
x6 19,7144 69,1444 1,2632 
y6 47,963 41,2833 -27,8102 
x7 -4,5159 16,2754 -16,8789 
y7 -70,3621 -70,3077 2,8533 
x8 -34,295 36,4336 -38,3837 
y8 -86,9034 14,6965 -17,3315 
x9 -16,0738 22,137 37,0602 
y9 40,5073 -18,8352 -35,8836 
x10 61,4601 -49,7032 0,1399 
y10 74,7799 -8,1594 31,2701 
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Procrustes distances among analyzed habit groups and results (p-values) for 
permutation tests using Procrustes distances, in dorsal view. 
Procrustes distances among groups: 
     FG FO IO 
FO 0,0546   
IO 0,0544 0,0448  
ON 0,0572 0,0396 0,0384 
P-values from permutation tests (100000 permutation rounds) for Procrustes distances among 
groups: 
     FG FO IO 
FO <.0001   
IO <.0001 <.0001  
ON <.0001 <.0001 <.0001 
 
 
Canonical coeficients from three first canonical variables, comparing habit groups in 
dorsal view. 
Canonical coefficients:   
 CV1 CV2 CV3 
   x1 26,8304 29,0648 -1,3146 
   y1 32,237 -78,3734 -64,3396 
   x2 5,4773 10,5254 7,5764 
   y2 47,4068 -16,5743 -54,6387 
   x3 -50,7567 -15,9001 40,7656 
   y3 10,4147 32,1088 -33,0462 
   x4 -36,7714 12,3232 4,0335 
   y4 24,1472 76,6006 70,816 
   x5 -34,8242 0,5336 -27,1619 
   y5 -69,9041 28,4984 -12,1302 
   x6 67,8904 -48,4691 43,5746 
   y6 49,1887 -47,6204 9,6621 
   x7 -2,9207 -6,6984 -35,2826 
   y7 -81,0031 31,4702 80,8172 
   x8 15,7049 -11,7718 25,8465 
   y8 -80,4766 -5,8185 -56,9722 
   x9 -59,2613 -53,7475 -49,2231 
   y9 53,4081 40,5668 2,3654 
   x10 68,6313 84,1398 -8,8144 
   y10 14,5812 -60,8581 57,4663 
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Procrustes distances among analyzed dietary groups and results (p-values) for 
permutation tests using Procrustes distances, in lateral view. 
Procrustes distances among groups: 
 FG FO IO 
FO 0,0446   
IO 0,0564 0,0587  
ON 0,0515 0,0427 0,0224 
P-values from permutation tests (10000 permutation rounds) for Procrustes distances among 
groups: 
 FG FO IO 
FO <.0001   
IO <.0001 <.0001  
ON <.0001 <.0001 <.0001 
 
Canonical coefficients from three first canonical variables, comparing dietary groups in 
lateral view. 
Canonical coefficients:   
 CV1 CV2 CV3 
   x1 -58,5237 18,9408 -4,5482 
   y1 -12,5582 6,3016 49,945 
   x2 40,7286 41,2316 -11,1207 
   y2 2,0841 -10,4805 -38,5289 
   x3 32,1621 -94,1565 0,5295 
   y3 -6,5329 -0,4436 -4,3378 
   x4 15,2208 31,3855 51,7152 
   y4 -30,8787 -27,8345 50,1688 
   x5 32,4141 16,4393 0,4023 
   y5 35,3543 -6,5544 -72,3895 
   x6 -57,0065 -6,0051 -54,3855 
   y6 -20,1522 20,937 54,2408 
   x7 0,9677 -36,8269 13,4084 
   y7 -19,543 15,6522 -24,1284 
   x8 -15,0422 -24,5077 10,2086 
   y8 -83,4935 -44,3022 29,8517 
   x9 11,2546 65,9575 10,867 
   y9 96,6441 44,9859 2,7495 
   x10 -2,1756 -12,4586 -17,0765 
   y10 39,076 1,7385 -47,5712 
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Procrustes distances among analyzed habit groups and results (p-values) for 
permutation tests using Procrustes distances, in lateral view. 
Procrustes distances among groups:  
     AR SA SC 
SA 0,0606   
SC 0,0253 0,0538  
TE 0,0487 0,034 0,0456 
P-values from permutation tests (10000 permutation rounds) for Procrustes distances among 
groups: 
     AR SA SC 
SA <.0001   
SC <.0001 <.0001  
TE <.0001 <.0001 <.0001 
 
Canonical coefficients from three first canonical variables, comparing habit groups in 
lateral view. 
Canonical coefficients:   
 CV1 CV2 CV3 
   x1 -47,1229 -18,4959 32,4026 
   y1 -3,018 8,2389 31,7051 
   x2 58,3886 -3,8483 -49,9528 
   y2 -34,7139 -47,2371 -54,0758 
   x3 -16,4182 29,0175 16,0674 
   y3 -9,1423 -9,1082 18,5722 
   x4 21,9629 -13,1537 -15,716 
   y4 -15,5725 58,9189 16,4376 
   x5 48,5201 20,1428 -33,3872 
   y5 68,1443 65,9574 -25,2931 
   x6 -75,4226 -45,0115 17,3766 
   y6 -22,8789 -27,7494 11,7394 
   x7 -8,4426 25,2362 22,1521 
   y7 -32,5734 -56,6643 47,2921 
   x8 -30,6326 7,2693 -35,6385 
   y8 -77,6793 71,9411 -100,0185 
   x9 46,2021 -19,4361 30,7227 
   y9 115,2789 -17,3642 68,2004 
   x10 2,9654 18,2795 15,973 
   y10 12,1551 -46,9331 -14,5594 
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Procrustes distances among analyzed dietary groups and results (p-values) for 
permutation tests using Procrustes distances, in ventral view. 
Procrustes distances among groups: 
     FG FO IO 
FO 0,0433   
IO 0,0292 0,0412  
ON 0,0409 0,025 0,0359 
P-values from permutation tests (10000 permutation rounds) for Procrustes distances among 
groups: 
     FG FO IO 
FO <.0001   
IO <.0001 <.0001  
ON <.0001 <.0001 <.0001 
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Canonical coefficients from three first canonical variables, comparing dietary groups in 
ventral view. 
Canonical coefficients:   
 CV1 CV2 CV3 
   x1 63,3184 -54,4278 3,7634 
   y1 -42,1941 144,6778 -162,1032 
   x2 -72,7301 -4,4606 -21,0226 
   y2 63,7899 -111,2181 78,7049 
   x3 127,9269 -16,2448 -51,5839 
   y3 86,9066 51,2411 73,9895 
   x4 -28,7229 8,4504 29,2123 
   y4 2,54 5,6819 -99,9319 
   x5 8,467 -27,4384 -2,1937 
   y5 -27,0542 33,3367 1,3037 
   x6 -13,4778 9,5674 -17,966 
   y6 12,3623 -15,7267 71,238 
   x7 32,9083 24,3107 17,0289 
   y7 -40,1305 3,7135 -5,9002 
   x8 59,5808 13,9608 1,1729 
   y8 24,8833 -65,0346 -65,7838 
   x9 -70,0664 -74,6403 -25,6341 
   y9 35,2303 119,2368 45,3686 
   x10 -6,1837 49,2119 34,4485 
   y10 -61,9699 -26,6058 139,5571 
   x11 -73,0143 30,197 42,9818 
   y11 4,9097 59,2382 -86,3263 
   x12 1,583 56,2115 -9,8115 
   y12 -51,7066 -129,3994 87,0975 
   x13 -35,4599 -36,4175 -4,4174 
   y13 -9,8699 -36,83 -26,252 
   x14 5,5821 24,0768 18,9584 
   y14 0,0915 -29,766 -3,6886 
   x15 0,2885 -2,3572 -14,9369 
   y15 2,2116 -2,5454 -47,2733 
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Procrustes distances among analyzed habit groups and results (p-values) for 
permutation tests using Procrustes distances, in ventral view. 
Procrustes distances among groups:  
     AR SA SC 
SA 0,0822   
SC 0,0519 0,0622  
TE 0,0432 0,0539 0,0379 
P-values from permutation tests (10000 permutation rounds) for Procrustes distances among 
groups: 
     AR SA SC 
SA <.0001   
SC <.0001 <.0001  
TE <.0001 <.0001 <.0001 
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Canonical coefficients from three first canonical variables, comparing habit groups in 
ventral view. 
Canonical coefficients:   
 CV1 CV2 CV3 
   x1 78,376 -21,8436 -10,34 
   y1 -124,4247 13,3749 68,2466 
   x2 -62,5809 64,9061 -6,1079 
   y2 143,8516 -23,5175 -57,0474 
   x3 62,5651 -81,9836 -8,7416 
   y3 -29,6919 -80,2973 128,8314 
   x4 -76,1768 35,1993 78,7953 
   y4 66,1933 0,5815 -69,7687 
   x5 46,9084 25,2277 41,3317 
   y5 -59,3469 -7,5732 -23,553 
   x6 -29,2417 6,9238 -8,3504 
   y6 -1,4686 -15,2996 16,3539 
   x7 16,5432 -32,5729 40,2932 
   y7 -8,1888 43,0747 32,4208 
   x8 7,0254 -60,9114 -10,2506 
   y8 96,5549 18,7666 -61,8094 
   x9 15,1804 91,864 -54,2918 
   y9 -122,3865 -95,2627 62,7626 
   x10 -61,1008 -54,1689 -54,472 
   y10 5,022 12,383 -44,4574 
   x11 39,8308 18,9535 -33,0046 
   y11 -92,933 1,8891 56,8616 
   x12 -35,0419 -21,0919 36,1231 
   y12 58,4328 76,5193 -61,4046 
   x13 0,316 47,7678 -13,6406 
   y13 4,178 22,7495 -44,9643 
   x14 -3,0422 -23,7802 2,4411 
   y14 40,0167 20,9071 3,2154 
   x15 0,4391 5,5104 0,2152 
   y15 24,1912 11,7047 -5,6876 
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Appendix IV - Bioethics and Biosafety declaration 
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Appendix V – Copyright declaration 
 
